Angular slippage from the crystallographic c-axis of the reversible magnetization 
vector in a tilted crystal of a highly anisotropic cuprate superconductor 
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The magnetization vector M was measured in the reversible region of the mixed state of a high 
quahty Tl2Ba2Ca2Cu30io single crystal as a function of temperature and for different magnetic 
field amplitudes and orientations. These measurements allowed to study the M components per- 
pendicular and parallel to the Cu02 layers (M_l and My, respectively) under arbitrary values for the 
corresponding components of the applied magnetic field, -ffj_ and H\\ . For temperatures close to 
(in the critical fluctuation region) we observed M±{H±, _ff||) ~ M±{Hj^, 0) and My {H±,H^^) ~ 0, as 
expected for an extremely anisotropic material. However, deviations from this behavior are observed 
at lower temperatures in the London region. In particular, the M± amplitude under a constant H± 
decreases on increasing _ff||. In turn, in spite of the experimental uncertainties affecting My (mainly 
associated with the rotating sample holder), its amplitude under a constant i^/y becomes observable 
on increasing H±. Both effects lead to an angular slippage of the magnetization vector M from the 
c crystallographic axis when the applied magnetic field is tilted from that axis. The AI± behavior 
is phenomenologically explained in the framework of Lawrence-Doniach approaches for single lay- 
ered superconductors by just assuming a slight angular dependence of the so-called vortex structure 
constant. However, the observed My is orders of magnitude larger than expected, a fact which is 
related to the multilayered nature of the compound studied. Our present results also directly affect 
the interpretation of recent measurements of the magnetic torque in other extremely anisotropic 
high- Tc cuprates. 

PACS numbers; 74.25.Ha,74.40.-n,74.72.-h 
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I. INTRODUCTION 

The magnetization in the reversible region of high-Tc 
cuprate superconductors (HTSC) is a very useful tool 
to probe the nature of the superconductivity in these 
materials.^ Its phenomenology in the presence of mag- 
netic fields applied perpendicular to the Cu02 layers has 
been extensively studied, ^"^'^ including the behavior in 
the presence of tilted magnetic fields. In this case, due 
to the strong anisotropy of these materials, the reversible 
magnetization vector M lies almost perpendicular to the 
Cu02 layers in a wide angular region, and a component 
transverse to the applied magnetic field (My) appears in 
addition to the longitudinal component (Ml)i^^— Such 
a transverse component has been studied through mea- 
surements of the magnetic torque;^ but there are very 
few works where the two components of the magnetiza- 
tion vector are simultaneously studied. Some of them fo- 
cus on irreversible properties of the tilted vortex lattice, 
as its dynamics upon rotational"— its relaxationjiiiii^, 
or the pinning forces acting on it J^"— Other works ad- 
dress effects associated with the layered superconducting 
structure appearing when the applied magnetic field is 
slightly tilted from the Cu02 layers, as the vortex lock- 
in to these layers Jii^ However, only in Refs. 0, and 
[20I simultaneous Mt and Ml measurements in the re- 
versible mixed state are presented, and they correspond 
to samples with a relatively moderate anisotropy. 

In this work we present detailed measurements of the 
temperature and magnetic field dependences of M in a 
high quality highly anisotropic Tl2Ba2Ca2Cu30io (Tl- 



2223) single crystal. These measurements were per- 
formed in the reversible region of the H-T phase diagram 
by using different crystal orientations with respect to the 
applied magnetic field. This allowed us to study the 
components of the magnetization in the directions per- 
pendicular {M±) and parallel (My) to the ab layers, un- 
der arbitrary values for the corresponding components of 
the magnetic field {H± and ffy, respectively). In highly 
anisotropic superconductors, it is expected that 



and 



Mi(0,i7) «Mj.(0,i/i), 



\Mn\ < IMi 
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(2) 



where 9 is the angle between the crystal c axis and the 
applied magnetic fieldfS. These equations imply that M is 
perpendicular to the Cu02 layers, and largely determined 
by the H component in that direction. This was re- 
cently confirmed near Tc (T > 0.85Tc) in the same highly 
anisotropic HTSC.^^- However, here we show that farther 
below Tc, where the experimental uncertainty associated 
with the background contribution is negligible, Eqs. ^ 
and ^ are no longer valid: \M±\ for a constant H± is 
progressively reduced with the application of a parallel 
magnetic field. In turn, Afy presents finite values (well 
above the experimental uncertainties) when H± > 0. We 
show that the effect on M± may be explained at a phe- 
nomcnological level in the framework of the well known 
approach by Bulaevskii, Ledvig and Kogan for highly 
anisotropic layered superconductors which includes the 
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effect of thermal fluctuations of two-dimensional vortex 
positionsj^^ For that, it is just assumed that the so-called 
vortex- structure constant presents a slight dependence of 
the magnetic field orientation, which may be related to 
a change in the effective size of the two-dimensional vor- 
tex cores with tilting.— i^l However, the effect on A/|| is 
orders of magnitude larger than the one predicted by the- 
oretical approaches for single layered HTSC, which could 
be attributed to the multilayered nature of Tl-2223. 

An interesting consequence of our present results con- 
cerns the interpretation of measurements of the magnetic 
torque in terms of M±: By assuming that Eqs. ([Ij and 
dD) are applicable to highly anisotropic HTSC, the mag- 
netic torque per unit volume in these materials may be 
approximated as 

T = noHM^sind. (3) 

This expression has been used in a number of papers 
to determine M±{T,H±) directly from t{T,H)^-^ In 
some of these works the resulting temperature and mag- 
netic field dependences of M± were claimed to be beyond 
conventional Ginzburg-Landau (GL) descriptions for the 
superconducting transition in these materials In 
particular, in Refs.'2^ and 30 it is claimed that such a be- 
havior supports the so-called vortex scenario for the loss 
of long-range phase coherence at T^,^ However, these 
conclusions depend on the applicability of Eqs. ^ and 
([2]) to highly anisotropic HTSC, which is questioned by 
our present results. 

The paper is organized as follows: In Sec. II we present 
experimental details about the crystal, the set-up of the 
rotating sample holder, the procedure to determine the 
background signal, and the results of the ML{T)g^H and 
MT{T)g^H measurements. In Sec. III. A the experimental 
data are analyzed in the critical region near Tc, while in 
Sec. III.B the analysis is extended to the London region 
of the reversible mixed state, where deviations from the 
behavior expected for highly anisotropic superconductors 
are clearly observed. In Sec. III.C it is presented a review 
of data in the literature which could confirm our present 
results in other highly anisotropic HTSC. In Sec. III.D 
the implications on the interpretation of recent high-field 
torque measurements are discussed. Finally, the general 
conclusions are presented in Sec. IV. 

II. EXPERIMENTAL DETAILS AND RESULTS 

The Tl-2223 sample used in this work is a plate-like 
single crystal (1.1x0.75x0.226 mm^) with the c crystal- 
lographic axis perpendicular to the largest face. Details 
of its growth procedure may be seen in Ref. IH. Let us 
just mention that this crystal was already used in the 
magnetization measurements presented in Refs. [2l| and 
Issl . and it has a sharp low-field diamagnetic transition 
(Tc = 122± 1 K), a large Meissner fraction (~80%), and 
an excellent crystallinity (its mosaic spread is as low as 
~ 0.1°). 



The measurements were performed with a Quantum 
Design SQUID magnetometer, equipped with indepen- 
dent detectors for the components of the magnetic mo- 
ment in the direction of the applied magnetic field (here- 
after longitudinal) and in a direction transverse to it (m^, 
and rriT respectively). The sample was glued with a 
minute amount of GE varnish to a sample holder (also 
from Quantum Design) which allows rotations about the 
longitudinal axis and about a transverse axis. It consists 
of a 6 X 1.5 X 0.6 mm'^ brass piece attached to a pulley 
operated by a 80 ^m gold wire, see Fig. HJa). For both 
rotation axes, the orientation may be specified with a pre- 
cision of 0.1°, the reproducibility being ±0.5° about the 
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(parallel to the magnetic field) ^ 9 
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rotation about the field axis (deg) pulley orientation (deg) 

FIG. 1. (a) Schematic diagram of the rotating sample holder 
indicating the two rotation axes relative to the longitudinal 
and transverse SQUID coils, (b) Example of the procedure 
used to align rfiT with the transverse SQUID coils by rotation 
about the longitudinal axis until the transverse SQUID signal 
was maximum. The line is a fit of cte -I- cte' cos 5, where 5 is 
the misalignment angle, (c) Example of the m_L dependence 
on the pulley orientation in the Meissner region. These mea- 
surements are used to determine the correspondence between 
the pulley orientation and 9 (the angle between the crystal c 
axis and the magnetic field). As shown in the main text, the 
minimum corresponds to 6 — 0° . The line is a fit of Eq. (|4]) 
to the data. 
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FIG. 2. (Color online) Determination of the sample holder 
and normal-state contributions to mz, and rriT- The mea- 
surements in this example where performed with the crystal 
c axis tilted 8 = 80° with respect to the applied magnetic 
field. The lines are fits of a Curie function (in the case of 
rriL) and of a constant (in the case of mr) to the data be- 
tween 150 and ~ 250 K. The dashed lines represent the 
uncertainty in the background determination. The diagram 
indicates the crystal orientation with respect to the (-L,||) and 
(L,T) axes (the crystal c-axis is parallel to the _L-axis). 



magnetic field axis and ±1° about the transverse axis. 

Before each set of measurements some operations are 
performed to initialize the rotating sample holder. First, 
rfiT is aligned with the transverse SQUID coils. For that, 
the sample is zero-field cooled well below Tc with its 
c axis tilted with respect to the magnetic field direc- 
tion, and a magnetic field in the Oe range (well below 
the lower critical magnetic field) is applied. The plate- 
like shape of the sample makes the demagnetizing effect 
highly anisotropic, giving rise to an observable m^. Its 
alignment with the transverse SQUID axis was obtained 
by rotation about the longitudinal axis until a maximum 
in the transverse SQUID was detected [see Fig. 1(b)]. 
The second step is to determine the correspondence be- 
tween the pulley orientation and the angle between the 
crystal c axis and the applied magnetic field, 9. For that, 
mi is measured against the pulley orientation and com- 
pared with the expected rriLiO) dependence in the Meiss- 



ner region 



34.35 



rriLiO) « -VH 



cos 



1 -D» 



(4) 



Here D± and Z)|| are the demagnetizing factors in the 
directions perpendicular and parallel to the Cu02 layers, 
and V is the sample volume. As 1 > D±^ ^ ^|| > 0: the 
minimum in the rriL angular dependence corresponds to 
9 = 0°. An example of application of this procedure 
is presented in Fig. 1(c). Let us finally mention that to 
avoid a ~ 3° backlash in the pulley mechanism, we always 
set angular positions by rotating in the same direction. 
We measured and against temperature in the 
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FIG. 3. (Color online) Temperature dependence of the longi- 
tudinal and transverse components of the magnetization (al- 
ready corrected for the background contribution) for different 
magnetic field amplitudes and orientations. 



reversible region of the mixed state by using different con- 
stant B and H values. To characterize with accuracy the 
contribution of the sample holder to the magnetic mo- 
ment, the measurements were extended well above Tc, 
up to ^ 250 K. An example corresponding to the mea- 
surements with 6 = 80° is presented in Fig. [51 where 
the choice for the (-L,||) and {L,T) axes is also indicated. 
As may be seen, presents a diamagnetic contribution 
above mainly coming from the sample holder which is 
of the same order of magnitude than the one of the sam- 
ple in the mixed state. It was removed by subtracting to 
the data a Curie-like function [rriL = a + c/(T — b), where 
a, b and c are constants] fitted in a temperature interval 
well above Tc (typically between 150 K and 250 K), where 
even the effect of superconducting fiuctuations is negli- 
gible. Finally, the transverse magnetic moment above 
Tc presents a temperature independent signal, of the or- 
der of the instrumental sensitivity, which was also sub- 
tracted. 

An overview of the resulting longitudinal and trans- 
verse superconducting magnetizations {M^ and Mt, re- 
spectively) is presented in Fig. [3] as a function of tem- 
perature and for different magnetic field amplitudes and 
orientations. As expected in view of the high anisotropy 
of the compound under study, at a given temperature and 
magnetic field \Mt\ increases and \Ml\ decreases with 9, 
to the point that \Mt\ even exceeds the corresponding 
\Ml\ value for > 45°. 



III. DATA ANALYSIS 

In a recent work, we have measured the angular de- 
pendence of the magnetization vector in the same crys- 
tal for temperatures close to Tc {T/Tc ^ 0.8) under 
a 1 T magnetic field, well within the London regime, 
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FIG. 4. (Color online) Temperature dependence of A/y (open 
symbols) and M± (closed symbols) for different magnetic field 
amplitudes and orientations, as results of applying Eq. ((5]) to 
the Ml and Mr data in Fig. [3] 



H^^ ^ H± <C H^.^^ It was shown that the M compo- 
nents parallel and perpendicular to the Cu02 layers ver- 
ify Eqs. ([1]) and ([2]) within the experimental uncertainty, 
which implies that the magnetic response is largely due 
to the H component perpendicular to the Cu02 lay- 
ers. Such a behavior extends up to 9 values 0.3° away 
from 90°, which is consistent with a lower bound for the 
anisotropy factor of 7 ~ 200.^i Here we check whether 
this may be generalized to the different regions in the 
reversible mixed state. For that, M± and Af|| were ob- 
tained from the Ml and Mr data in Fig. [3] through 



Ml 
Mil 



cos ( 
sin^ 



~ sm f 
cos6' 



Ml 
Mt 



(5) 



The result is presented in Fig. As it is clearly seen al- 
ready in this figure, the M± amplitude increases slightly 
with 9, which could be associated with the correspond- 
ing reduction in the perpendicular component of the ap- 
plied magnetic field H±^ — Hcos9. In what concerns 
M||, close to Tc (typically above 110 K) its amplitude is 
within the experimental uncertainty associated with the 
rotating sample holder, but it grows beyond such uncer- 
tainty on lowering the temperature. In particular, for 
T = 70 0.6Tc, when 9 = 45° (the orientation at 
which H±^ = _ff||) the M|| amplitude is just one order of 
magnitude smaller than the one of M± . These results will 
be analyzed in detail in the next subsections in different 
regions of the reversible mixed state. 



Analysis in the critical fluctuation region, 



where T^{H±) = T^ll- H^/H^^iO)], ff^-L(O) is the linear 
extrapolation to T = K of the perpendicular upper crit- 
ical field, Ac the specific heat jump at Tc, s — 1.78 nm 
the Cu02 layers periodicity length, 0o the flux quantum, 
ks the Boltzmann constant, and /io the magnetic per- 
meability. By using superconducting parameters typical 
of Tl-2223,'^'^ even for the largest magnetic field ampli- 
tudes studied in this work (5 T) the critical region ex- 
tends down to ~110 K. So close to Tc it is found My w 
within the experimental uncertainty. In what concerns 
M±, the GL approach for highly anisotropic supercon- 
ductors predicts a scaling behavior /i — /i(T), where 



Ml 



is the scaled magnetization, and 

TcHHi 



T 



(7) 



(8) 



the scaled temperature.'^'^ In a previous work we have 
shown the validity of this scaling in data obtained with 
H ± ab in the same crystal by using ^oH^{0) = 340 T (a 
value resulting from the analysis of the fluctuation dia- 
magnetism above Tc)i^ The scaled data were shown to 
be also in excellent agreement with the scaling function 
calculated by Tesanovic and coworkers^ when evaluated 
with the same iJ,oH;}^{0) value. Now the validity of such a 
scaling is checked by using the M± (T, H) data in Fig. SI 
which were obtained with H tilted 6* = 45°, 60° and 80° 
from the crystal c axis. The result is presented in Fig. [Sj 
where for comparison the data obtained with 9 = 0° are 
also included. As may be clearly seen, the data obtained 
with 7^ 0° are affected by a larger dispersion associated 
with the determination of the sample holder background. 
In spite of that, these data still scale according to Eqs. ([7]) 
and dl]), and are in good agreement with the scaling of 
the data obtained with 9 = 0°. These results confirm the 
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This region, dominated by important fluctuations of 
the superconducting order parameter, is bounded by the 
so-called field dependent Ginzburg criterion, '^^ 

\T-T^{H^)\ UnkBfio Hi 

Tc ^ V 0osAc i/^-L(0)' ^ ' 



FIG. 5. (Color online) Scaling of the ^{t)h^ curves in 
the critical fluctuation region close to Tc as evaluated from 
Eqs. and © with tioHc2{0) = 340 T (see Ref. [H). Red 
open symbols were obtained from measurements performed 
with the magnetic fleld tilted from the c axis 45° (a), 60° (b), 
and 80° (c). For comparison, data obtained with H A- ah (i.e., 
6 = Q°) are also presented (blue solid symbols). 
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validity of Eqs. ([T]) and ([2]) in the critical region, which 
implies that near the magnetic response is essentially 
due to the H component perpendicular to the CUO2 lay- 
ers. 



B. Analysis in the London region of the reversible 
mixed state, H^^{T) < < H^2{T) 

Almost all data points below 100 K in Fig. U] are 
well within this region. As commented above, here M\\ 
present amplitudes clearly above the experimental uncer- 
tainty. Now we will check whether M_l is still determined 
by the perpendicular component of the applied magnetic 
field, i?_L, or presents deviations with respect to this be- 
havior. In Fig.[6ja) we present some examples of the tem- 
perature dependence of for some constant fJ,oH± val- 
ues in the range 0.25-2 T. These data come from measure- 
ments obtained with = 60°, so that the parallel compo- 
nent of the applied field is = H± tan 60° w 1.72H±. 
For comparison, we include measurements obtained with 
the same magnetic field values but applied directly per- 
pendicular to the ab layers so that =0. As may be 
clearly seen, \M±{T, H±, H\^)\ is systematically smaller 
than \M±{T, H±,0)\, the difference increasing on lower- 
ing the temperature below Tc up to values well above the 
experimental uncertainty. For instance, at T = 80 K, 
even for the largest iioH± values (2 T), this uncertainty 
is about 5% (close to the data points size), while the dif- 
ference between \M±{T, H±, H^^)\ and \Mj_{T, Hj_,0)\ is 
above 20%. 

To go deeper into this effect, in Fig.[6l[b) we present the 
H± dependence of M± as determined from measurements 
obtained under different crystal orientations (and then, 
under different values). For comparison, we have also 
included measurements performed with 6 — 0° (and then, 
with =0). As predicted by London- like approacheSj^ 
M± presents a linear behaviour with respect to ln_ffj_- 
As may be clearly seen, in agreement with Fig. [BJa) the 
M±(H±) curves taken at the same temperature are dis- 
placed to lower amplitudes as (or iJ||) is increased, but 
without changing appreciably the slope. 

In Fig. |6l(c) we present the corresponding Af|| depen- 
dence on iJ|| . In spite of the experimental uncertainties 
affecting these data (mainly associated with the rotating 
sample holder), |M||| seems to increase up to observable 
values on increasing 9. As shown in Fig. [61(d) this repre- 
sents a slippage of M from the crystal c axis. At a tem- 
perature of 75 K, the angle between M and the c axis, 
a, is as high as ~ 8° when 6 = 80°, which is orders of 
magnitude larger than the one predicted by the conven- 
tional anisotropic GL approach: a — arctan(7~^ tan^), 
where 7 is the anisotropy factor. In fact, taking for this 
material 7 > 200 (see e.g., Ref. HI) one finds a < 0.01° 
for 61 = 80°. 

Now we show that the M±{H±) dependence on 9 
may be phenomenologically explained in the framework 
of the well known approach by Bulaevskii, Ledvig and 




^'oH.CT) T(K) 

FIG. 6. (Color online) (a) Example of temperature depen- 
dence of M± below Tc for some constant H± values. The 
lines were obtained with 6 = 0° (and then with = 0), while 
the data points were obtained with 9 = 60° (and then with 
= H± tan 9 7^ 0). (b) H± dependence of M± for different 
temperatures below Tc and for different crystal orientations 
(and then, different H\\ values). In this representation it is 
clearly shown that the presence of = H± tanS reduces the 
M± amplitude by displacing vertically the curves. The lines 
are fits to Eq. ([9]). In (c) it is shown that such an effect is 
accompanied by an increase of |M||| up to observable values 
(for clarity only two isotherms are shown). The lines are fits 
to a London- like function. My = cte + cte' In . (d) Example 
(for r = 75 K) of the M deviation from the c axis as is 
increased keeping H± constant. 

Kogan (BLK) for the perpendicular magnetization of 
highly anisotropic layered superconductors in the Lon- 
don regime)^ 

M..-M„,„(^).M,„(^:^),,„ 

Here Mq = /0o/87r^oA^ft, Mi = fkBT/cjjos, C and 77 
constants of the order of the unity, Xab the magnetic 
penetration length in the ab planes, and / the effective 
superconducting fraction (which may be approximated 
by the Meissner fraction).-^ The first term on the right 
is the conventional London magnetization, whereas the 
second one is associated with thermal fluctuations of the 
two-dimensional vortex (pancakes) positions. A direct 
consequence of Eq. © is the crossing of the Mj\_{T)h^ 
curves at a temperature T* a few degrees below Tc, the 
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crossing point magnetization being 



Ml 



(f)OS 



InC. 



(10) 



A first comparison with the experimental data may be 
done through the crossing point coordinates. In Fig. [7] 
we present a detail around Tc of M±{T)h measured with 
different 6 values, where the crossing point is clearly seen. 
The H± values in this figure are well below H^{T*), 
so that Eq. ([TU|) is applicable. The analysis shows that 
is almost 6 independent up to 6* = 80°, the scat- 
tering in the M^^ values (about 10%) being well within 
the uncertainty associated with the background at these 
temperatures. The comparison with Eq. (1101) allowed to 
determine C w 2.2. 

A thorough comparison of Eq. ([9]) with the experimen- 
tal data is presented in Fig.injb). The solid lines are fits of 
Eq. ^ to each isotherm, with C = 2.2 and riHc2 and Xab 
as free parameters. The resulting rjH^(T) and Xab{T) 
are presented in Fig. |51 The Xab{T) curves coming from 
data under different 9 values agree with each other, which 
is an important check of the applicability of Eq. 
In turn, i]H^ follows a linear temperature dependence 
close to Tc, in full agreement with the conventional (GL) 
behavior 4^ The differences between the rjH^iT) coming 
from measurements under different 9 values may be inter- 
preted by assuming that presents a slight dependence 
on 9. As commented above, the analysis of the fiuctua- 
tion magnetization around Tc with _ff _L a& in this crystal 
leads /io-ff^(O) = 340 By combining this value with 
the data in Fig. IDJb), we obtained the angular depen- 
dence of ?7 shown in the inset of that figure. 

A theoretical approach for the angular dependence of 
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FIG. 7. (Color online) Detail around Tc of the Mj_ (T)h curves 
obtained for different crystal orientations relative to the ap- 
plied field. The crossing point at a temperature few degrees 
below Tc is clearly seen. In the inset it is shown that M'[_ is 
almost independent of 9. 
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FIG. 8. Temperature dependences of Xab (a) and of rjHc2 (b) 
as follows from the comparison of Eq. (9) with the M± (H±)e 
data. By using the Hc2(T 0) value obtained in Ref. ISa . 
it follows the rjiO) dependence shown in the inset. The lines 
in (a) and (b) are fits to \ab{T) = Xab{Q)/^/l - {T/Tc)"^ and 
iyc2(T) = Hc2(0)(l - T/Tc) near Tc, respectively. 



and M|| in the framework of the Lawrence-Doniach 
(LD) theory including the effect of thermal fluctuations 
and of the multilaminarity is not available. However, 
the effects associated with thermal fluctuations decrease 
rapidly on lowering the temperature below Tc. As an 
example, at the lower temperature studied in this work 
(75 K) the thermal fluctuations contribution to M±_ in 
Eq. ^ is less than 5% the of the total M±^ amplitude. 
Then, the LD model for single layered HTSC without 
corrections associated with thermal fluctuations should 
be a good approximation well below Tc provided that 
the three closest layers in the periodicity length behave 
as an unique superconducting layer. This model was used 
by Feinberg2^ to calculate M^iT, H) and M\\ (T, H) as a 
function of the orientation of the applied magnetic field 
in the London region. In that work it is shown that in the 
case of highly anisotropic superconductors, three angular 
regimes may be distinguished:^* 

1) tanS < S,ab/s {S,ab is the in-plane superconducting 
coherence length). In this region, the separation (in the 
direction of the layers) between 2D vortices in adjacent 
layers £ = sta,n9 is smaller than their core size (i.e., 
^ < £,ab)- The effective vortex cores are identical to the 
ones of the 3D anisotropic case, and a 3D anisotropic 
description of the mixed state is directly applicable. 

2) £,ab/s < tan 6* < 7. In this region the distance be- 
tween 2D vortices in adjacent layers is beyond the cores 
size (i.e., £ > ^ab): although smaller than the Josephson 
bending length rj = 7s. The 3D anisotropic approach is 
still valid, but with a modified cutoff to account for the 
effective core dimensions (of the order of £) . The effect 
on Mj_ may be implemented by just including a constant 
in the logarithmic dependence of H±. 

3) tan^ > 7. Here £ > rj and Josephson vortices 
develop between 2D vortices in adjacent layers. As the 
anisotropy factor in the sample studied is larger than 
7 = 200, this region is restricted to 9 values ~ 0.3° (or 
less) away from 90°. 
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According to the scenario summarized above, the ob- 
served angular dependence of the parameter 77 above 
9 = 45° could be attributed to a transition from re- 
gion 1 to region 2. In fact, by using £,ab{T — >■ 0) = 1.0 
nm,'^'* the value separating both regions is 611^2 = 
arctan(^ah/s) ~ 42° at 75 K, a value compatible with the 
onset of the above mentioned anomalies. In what con- 
cerns the results for Af||(r, H), the LD model for single- 
layered compounds predicts a contribution of the order of 
tan 0/7^, which is orders of magnitude smaller than 
observed^ We then suggest that the disagreement could 
be a consequence of the multilayered nature of the com- 
pound studied (for instance, associated with a stronger 
Josephson coupling between the three closest layers in 
the periodicity length). 



1.0 



0.5 - 



0.0 




-Bi-2212 (Ref. 41) 
TI-2223 (this work) 



0.0 



0.2 



0.4 



0.6 



0.8 



1.0 



cos ( 



C. Possible confirmations of the observed anomaly 
in other multilayered HTSC in the literature 

By inspecting the literature some examples may be 
found which confirm the breakdown of Eqs. (1) and (2) 
in the mixed state of other highly anisotropic multilay- 
ered HTSC. The first corresponds to the pioneering work 
by Tuomincn et a/;— where simultaneous measurements 
of Ml and Mt were presented for the first time in a 
HTSC (BiaSraCaCuzOg, hereafter Bi-2212). InFig.Elwe 
present M±{H±) data for different temperatures below 
Tc coming from this work. Closed symbols were measured 
directly with = 0°, while open symbols were obtained 
from measurements of Ml{9) and Mt{0) in the presence 
of a constant applied magnetic field (1 T). As may be 
clearly seen, the M±{H±) amplitude is progressively re- 




FIG. 9. H_i_ dependence of Mj_ in the mixed state of Bi- 
2212, as follows from data in Ref. [l^. Solid data points were 
obtained directly with H _L ab, while open data points were 
derived [by using Eq. ([5|] from the angular dependence of M l 
and Mt in the presence of a 1 T magnetic field. The lines are 
fits to Eq. ®. 



FIG. 10. Angular dependence of the longitudinal magneti- 
zation at the crossing point temperature. The dashed line 
corresponds to the dependence Af£ cx 0086^ based on the ap- 
plicability of Eqs. JT]) and ((2J. 

duced with 9, the effect being more pronounced in the 
isotherms corresponding to lower temperatures. This ef- 
fect is in good qualitative agreement with our present 
results. It is worth noting, however, that the anisotropy 
factor found for the Bi-2212 sample in this work is anoma- 
lously small (7 ~ 17) which may indicate the presence in 
the sample of structural inhomogeneities. 

Measurements of the angular dependence of Ml alone 
may also be used to confirm the applicability of Eqs. ([T]) 
and (12). In particular, if they are valid it may be approx- 
imated 

Ml{9,H)k M^{H±_)cos9. (11) 

At the crossing point temperature M_l is independent of 
H±, and Ml should be then proportional to cos 9. This 
dependence was probed by Li et alM- in a Bi-2212 single 
crystal, obtaining the notable deviation shown in Fig. [TU] 
(closed symbols). Such a behavior was left unexplained, 
but it is qualitatively similar to the one of our Tl-2223 
crystal (open symbols), which is due to the non- negligible 
contribution associated with the parallel component of 
the magnetization vector, M|| sin 9. 

An additional proof of the breakdown of Eqs. ([ij and 
^ in Bi-2212 crystals may be found in the high-field 
measurements of the magnetic torque by Li et al^ By 
assuming the applicability of these equations, these au- 
thors obtained the perpendicular component of the mag- 
netization vector from the magnetic torque t through 



In Fig. 3 in their paper, so obtained M±{H±) isotherms 
are compared with SQUID measurements performed di- 
rectly with H _L ab. While for temperatures about and 
above Tc = 86 K both measurements overlap, below 
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FIG. 11. Comparison between the magnetic field dependences 
of Mx as measured directly with H L ah (circles) and as 
results from the magnetic torque by using Eq. (|12p (triangles) . 
In turn, torque data were obtained from the Mt data in Fig. [3] 
corresponding to Q = 60°. Solid lines are fits to Eq. Q, and 
dashed lines guides for the eyes. 

85 K the data coming from torque magnetometry 
(obtained with the crystal c-axis tilted 15° with respect 
to the applied field) present a slightly smaller ampli- 
tude. This result is consistent with our present find- 
ings, as may be clearly seen in Fig. [TT] where the same 
comparison is done with our data for Tl-2223. In this 
case r was obtained from the transverse component of 
the magnetization vector (presented in Fig. [3]) through 
T = —iiqHMt- It is worth noting that the difference 
between the M±{H±) data resulting from torque and 
SQUID measurements differ not only in the amplitude, 
but also in the H±^ dependence (a fact which cannot be 
appreciated in Ref. ^because the SQUID measurements 
extend only up to fioH± = 0.1 T). In particular, the high- 
field crossing point observed at 118 K (note the H± in- 
dependence of Mj_ at this temperature), is not observed 
in the Mj_{Hj_) data coming from the magnetic torque. 

D. Implications on the AI±{T, H±) derived from the 
magnetic torque in highly anisotropic multilayered 
superconductors 

Torque magnetometry allows to investigate with a high 
resolution the magnetic response of anisotropic samples 
in the presence of large applied magnetic fields. In some 
recent works this technique was used to study the mag- 
netization of several HTSC families under fields up to 
20 - 45 Ti ^^i^° In these works, on the basis of the large 
anisotropy of the compounds studied, Eq. ([T^ was used 
to approximate M± from the magnetic torque. The re- 
sulting temperature and magnetic field dependences of 
M± were claimed to be beyond conventional Ginzburg- 
Landau descriptions for the effect of thermal fiuctuations. 
In particular, below Tc the Mj_{Hj_) isotherms present 



a pervasive nonlinearity, to the point that the crossing 
point typical of highly anisotropic HTSC disappears in 
the presence of magnetic fields larger than ^ 5 T. On 
the other side, M± presents a strongly non-linear dia- 
magnetic response up to temperatures well above Tc. 

In what concerns the behavior below Tc, the results 
summarized in our present work pose serious doubts 
on the applicability of the approximations leading to 
Eq. ((T^ . As a consequence, the perpendicular magne- 
tization deduced from torque measurements may not be 
representative of the intrinsic M±(H±) behavior. Fur- 
ther measurements would be needed to decide whether 
the disappearance of the crossing point is intrinsic or an 
artifact due to a non negligible contribution to the mag- 
netic torque coming from M|| . For instance, measure- 
ments of the magnetic field dependence of the magnetic 
torque under different crystal orientations would allow to 
probe the applicability of Eqs. (1) and (2). 

Regarding the behavior above Tc, the overlapping of 
the M±{H±) data coming from SQUID and torque mag- 
netometry suggests that Eq. (|12p may be applicable in 
this region. However, a detailed analysis of data for 
optimally-doped Bi-2212 in this region;^ showed that 
the observed non-linear diamagnetic response above Tc 
follows closely the prediction of the Gaussian GL ap- 
proach under a total energy cutoff, including the van- 
ishing of fluctuation effects at T « l-TTc- The same 
applies also to underdoped Bi-2212 if the effect of recog- 
nized Tc inhomogeneities (which in these materials could 
even have an intrinsic origin)^'^ is taken into account4^ 
Recent measurements in high quality samples of several 
HTSC families fully confirm these conclusions 4^"— 



IV. CONCLUSIONS 

We have presented detailed measurements of the mag- 
netization vector M in the mixed state of a high quality 
Tl-2223 crystal in the presence of tilted magnetic fields. 
In the critical region close to Tc the response expected for 
highly anisotropic HTSC is observed within the experi- 
mental uncertainty: M is perpendicular to the Cu02 (ab) 
layers, and its amplitude is only dependent on the com- 
ponent of the applied magnetic field in the same direction 
{H±). However, farther below Tc, in the London region, 
a clear deviation from this behavior is observed: the per- 
pendicular component of M {Mj_) shrinks on tilting the 
magnetic field from the crystal c axis while leaving H± 
constant. In turn, the parallel component (M||) grows 
above the experimental uncertainty. The M± behavior is 
phenomenologically explained in terms of the well known 
BLK approach for highly anisotropic HTSC, by just as- 
suming that the so-called vortex structure constant, rj, 
is slightly dependent on the magnetic field orientation. 
Such a dependence is justified by the corresponding de- 
pendence on the field orientation of the effective size of 
the vortex cores. Regarding My, its amplitude is or- 
ders of magnitude larger than predicted by theoretical 
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approaches for single layered HTSC, which led us to sug- 
gest that it could be a consequence of the multilaycred 
structure of the compound under study. 

The analysis of magnetization and torque data in the 
literature shows that the same effect could also be present 
in the mixed state of other highly anisotropic HTSC (Bi- 
2212). If confirmed, such an effect may have implica- 
tions in the interpretation of recent measurements of the 
magnetic torque in highly anisotropic HTSC in terms of 
M±.— In particular, features like the vanishing of the 
crossing point under large magnetic field amplitudes,^* 
could be an artifact associated with not taking into ac- 
count the M|| contribution to the magnetic torque. 

It would be interesting to extend the present measure- 



ments to other HTSC with different number of Cu02 lay- 
ers in the periodicity length, and also to extend to multi- 
layered superconductors the existing approaches for the 
magnetization vector in the presence of tilted magnetic 
fields. 
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